The regulation effect of melatonin on water use efficiency of leaf and potential mechanisms related to phytohormone of leaf/root were investigated using two wheat (Triticum aestivum L.) cultivars with contrasting drought tolerance: drought-tolerant 'Hengguan35' (HG35) and growing in irrigated fields 'Jimai22' (JM22). Four treatments, including normal water treatment (N), 20% polyethylene glycol (PEG) (P), P + 1 μM melatonin and P + 10 μM melatonin were conducted. Results indicated that exogenous melatonin could significantly improve net photosynthetic rate (Pn), instantaneous water use efficiency (WUE inst. ) and intrinsic water use efficiency (WUE intr. ) of cultivar 'Jimai22'. This was possibly related to increasing root auxin (IAA), zeatin riboside (ZR) content and inhibiting abscisic acid (ABA), hydrogen peroxide (H 2 O 2 ) and aminocyclopropane-1-carboxylic acid (ACC) production in leaf. However, for cultivar 'Hengguan35', 1 μM and 10 μM melatonin did not improve photosynthetic rate and chlorophyll content even took negative effect on that. This could be caused by high vapour pressure deficit (VPD) and high H 2 O 2 contents in leaf. Also, as a drought-tolerant cultivar, 'Hengguan35' possesses some physiological regulation itself such as increasing IAA and ZR content in root and leaf, inhibiting H 2 O 2 production in root. But ABA and ACC content in root was not inhibited, even increased with melatonin under drought treatment. ACC was a potential central player in the hormone cross-talks that regulated leaf and root growth and physiological function. These results suggest that the effect of exogenous melatonin application on drought-resistance in seedling was distinct owing to wheat cultivars with different drought sensitivity, and this was also involved in complicated mechanism of physiological regulation to keep water status. Suitable application of melatonin thus can be an effective way in improving plant drought tolerance in wheat.
Introduction
Drought stress represents one of the major limitations to winter wheat productivity by alleviating both leaf growth and photosynthetic capacity, which further limit the harvestable biomass and productivity. In the North China Plain, the rainfall during the entire growth stage in wheat is far below the actual water demand level (Cao et al., 2003) , which results in large decline of the groundwater resource and reduction of the irrigation area of winter wheat during past 20 years (Jia, Liu, 2002) . Therefore, it is critical to improve the water use efficiency (WUE) in winter wheat production on which to promote the sustainable agriculture in North China (Guan et al., 2015) .
Melatonin, a growth regulator identified in higher plants in 1995, has been reported successively on regulating various biological processes, including root formation , flowering and fruit ripening (Shi et al., 2016) , and leaf senescence (Wang et al., 2012 a) . In particular, melatonin can trigger the plant defense responses against abiotic stress, playing an important role in improving the tolerance of plants to adverse environment (Li et al., 2012; Turk et al., 2014; Meng et al., 2015; Bałabusta et al., 2016) . This has been proposed to be related to scavenging active oxygen, increment of root to stem ratio, delaying induced leaf senescence, up-regulating of anti-stress genes and so on (Wang et al., 2012 b; Jiang, Zu, 2015; Li et al., 2015; Ye et al., 2015) . Currently, melatonin has been shown to act as an interesting natural biostimulator in regulating field crop production (Arnao, Hernández-Ruiz, 2014; Ye et al., 2016) . The same concentration of melatonin may exert different effect on different organs of crops. Exogenous application of 10 μM melatonin was efficient and induced more and longer roots in Lupinus (Arnao, Hernández-Ruiz, 2007) ; however, the same concentration of melatonin was inhibitory for adventitious rooting in the commercial sweet cherry (Sarropoulou et al., 2012) . In addition, seeds treated by melatonin could promote the seedling growth and seed production of maize, soybean, and cucumber Zhang et al., 2013; Wei et al., 2015) . Meng (2016) suggests that wheat seed priming with melatonin could enhance the biomass and yield once plants suffered water stress during filling stage.
Thus far, although the melatonin function in regulating plant growth and abiotic stress responses has been elucidated, the effect of melatonin on water utilization and phytohormone metabolism under drought stress is still largely uncharacterized in wheat. In this study, through exogenous application of melatonin in two wheat cultivars with contrasting drought tolerance (sensitive JM22 and tolerant HG35 cultivars), we investigated the potential role of melatonin in regulation leaf WUE, phytohormone and H 2 O 2 content in leaves and roots of wheat under drought treatment. Our results would elucidate the melatonin effects in mediating plant drought tolerance and provide a new strategy in improving drought resistance and water use in wheat production.
Material and methods
Study site and experiment description. The experiment was carried out in a phytotron, Agricultural University of Hebei, Baoding city, China in 2015-2016. The environmental data will be documented and controlled by the computer automatically. Growth temperature of day/night was set 22/8°C; the length of day/night was 12/12 h. Relative humility was 60%.
Plant material and experimental practices. Two wheat (Triticum aestivum L.) cultivars including the drought-tolerant cultivar 'Hengguan35' (HG35) and the irrigated cultivar 'Jimai22' (JM22) were used in this study. The HG35 seeds were provided by Dry Land Farming Research Institute of Hebei Academy of Agricultural and Forestry Sciences, whereas the cultivar JM22 seeds were donated by Crop Research Institute, Shandong Academy of Agricultural Sciences. At first, wheat seeds were germinated in a holed tray fitted by moist vermiculite at 22°C. After about three days, at the first leaf expansion stage, the seedlings were transferred into a plastic box (length × width × height = 19 × 13.5 × 7.5 cm) that was filled with Hogland solution (Table 1) . One-leaf seedlings were moved through holes and fixed with small flexible polyfoam in each hole drilled on a flat polyurethane foam. There were 6 wheat seedlings could be fixed on each foam, covering the top of plastic box. All sides of the containers were wrapped by blank and light-proof film. And, more remarkable, all roots of wheat seedlings should be submerged into growth solution. Fresh culture solution was replaced every two days to avoid root anaerobic respiration. Fourteen days later, the plants were transferred into new culture solution to initiate four experimental treatments, including normal water treatment (N), 20% polyethylene glycol PEG-6000 (P), 20% PEG-6000 + 1 μM melatonin (P + 1 μM melatonin), 20% PEG-6000 + 10 μM melatonin (P + 10 μM melatonin). Three replications were performed for each treatment, and five measuring replications were performed on leaves with the same location from five different plants under each treatment. Four treatments were measured successively as 20% PEG-6000 (P), 20% P + 1 μM melatonin, 20% P + 10 μM melatonin and N treatment. Both polyethylene glycol (PEG-6000) and melatonin were added into the culture solution. After processing for 12 hours, plants were measured and sampled under different treatments.
Measuring items and methods. Fully unfolded leaves were selected to measure the net photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr) and high vapour pressure deficit (VPD) using the portable photosynthesis system Li-6400 (LI-COR, USA). During measurements, the environmental conditions were as follows: 25 ± 0.3°C, 400 ± 5 cm 3 m -3 CO 2 concentration and 1500 mol m -2 s -1 radiation intensity (Fenta et al., 2012) .
SPAD (Soil and Plant Analyzer Development) value. This means the relative content of chlorophyll. Fully unfolded leaf (avoiding leaf vein) was selected and measured with a chlorophyll meter model SPAD-502 (Japan).
Water use efficiency (WUE) on leaf level was expressed by instantaneous WUE (WUE inst. ) and intrinsic WUE (WUE intr. ), which were calculated from the ratio of Pn to Tr and the ratio of Pn to gs, respectively (Qiao et al., 2010) .
Water potential. Fully unfolded leaf (avoiding leaf vein) was selected during midday conditions, and on each leaf we punched leaf discs with a hole puncher. Then, leaf discs were put into the closed leaf chamber of a potential meter WP4 Dewpoint (Decagon Devices Inc., USA) to measure water potential.
Phytohormone. Young leaves and roots (0.5 g) were sampled and then quickly frozen at −80°C. Then the samples were ground to homogenate with 5 mL 80% methyl alcohol (containing 1 mmol L -1 butylated hydroxytoluene) at 4°C. After 4 hours' standing, the solution was centrifuged at 1000 g for 15 min (LDZ5-2, China). About 1 mL supernatant was transferred into centrifuge tube to concentrate and dry for 0.5 h with vacuum chamber (DZF-6020, China). Then the concentrated solution was centrifuged at 10000 r min -1 for 10 min. Then the solution was leached by solid phase extraction C18 cartridges. The leached solution was transferred into 5 mL centrifuge tube and was blow-dried by N 2 to evaporate methyl alcohol. Then the dry sample was diluted with phosphate buffer (containing 8.0 g NaCl, 0.2 g KH 2 PO 4 , 2.96 g Na 2 HPO 4 × 12H 2 O, 1000 mL distilled water, pH 7.5) to 2 mL. (1) Prepared four 96-well plates (8 × 12) with four phytohormone antigens including auxin (IAA), zeatin riboside (ZR) content, gibberellin (GA 3 ) and abscisic acid (ABA). The first three lines were added 1000, 500, 250, 125, 62.5, 31.25, 15 .625 and 0 ng mL -1 phytohormone standard samples 50 μL with three replicates poles of each concentration. Other poles were H 2 SO 4 in each hole. Then absorbance was read at 492 nm using an indirect enzyme-linked immune absorption (ELISA) reader (BIO-RAD680, USA). The kit was provided by China Agricultural University. Logit curve tracing was adopted to calculate hormone content. The abscissa of logit curve was indicated by natural logarithm of standard phytohormone sample concentrations (ng mL -1 ); and the ordinate was indicated by the logit value of each colorimetric value at 492 nm.
Aminocyclopropane-1-carboxylic acid (ACC) content. ACC content was determined based on the description of Yang (2014) . Fresh leaves or root sampling (0.1 g) was ground to homogenate with 2 mL 95% ethyl alcohol and placed in a hot water bath at 80°C for 15 min. The solution was centrifuged twice at 8000 × g for 15 min ("Sigma centrifuges", UK). The supernatant was blowdried by N 2 , then diluted by 2 mL H 2 O. Then the diluents were added 2 mL trichloromethane to elute pigments. Finally 0.8 mL of the extracting solution was transferred into volume-known glass bottle. Then 0.2 mL, 3.3 mM HgCl was injected into sealed 2 mL bottle, and mixture of 0.1 mL 5.5% NaOCl and NaOH (v:v = 2:1) was added by injection syringe. After 5 min vibration the bottle on ice, 1 mL of gas was collected and subjected to assay of the ethylene contents using a gas chromatography (Agilent 7890B, USA).
Hydrogen peroxide (H 2 O 2 ) content. Fresh leaf and root samples (0.5 g) were measured based on the description of Prochazkova et al. (2001) . Samples were homogenised in precool acetone (1:1) with a little quartz sand. The homogenate was centrifuged at 3000 r min -1 for 10 min. The supernatant (1 mL) was mixed with 5% titanium sulphate and stronger ammonia water. The mixture was centrifuged at 3000 r min -1 for 10 min again. The precipitation was washed 3-5 times with acetone until pigment removed completely. Then the dissolved precipitation was mixed with 5 mL sulphuric acid (2 mol) and then diluted with water to 10 mL. Absorbance was measured at 415 nm in an UV-visible spectrophotometer M 36 ("Beckman", USA).
Statistical analysis. All data were run using analysis of variance (ANOVA) with three replicates according to Excel 2003 and SPSS 17.0 . The Duncan's new multiple range (DMR) test at 5% probability level was used to test the differences among the mean values. Significant differences were labelled based on DMR.
Results
Photosynthetic indexes and water use efficiency on leaf level. The results of the experiment showed that for HG35, P treatment decreased significantly Pn, Tr and gs by 49.69, 91.71 and 94.44 % with respect to N, respectively. But it increased significantly the WUE inst. and WUE intr. by 4.99 and 6.29 times compared with N. P + 1 μM melatonin and P + 10 μM melatonin treatments reduced further the SPAD, Pn, WUE inst. and WUE intr. compared with P treatment. And the reduction of P + 1 μM melatonin was higher than P + 10 μM melatonin. This suggested that melatonin took no alleviation effect on photosynthesis of HG35 seedlings under drought stress. For JM22, P treatment decreased significantly Pn, Tr and gs by 89.03, 92.23 and 90 % compared with N, respectively. WUE inst. and WUE intr. did not change significantly. However, compared with P, P + 1 μM melatonin significantly increased Pn, WUE inst. and WUE intr. by 1.81, 1.84 and 2.40 times, respectively. Meanwhile, P + 10 μM melatonin significantly increased SPAD, Pn, WUE inst. and WUE intr. increased by 12.42%, 2.49 times, 66.13% and 1.21 times, respectively. This suggested that melatonin took obvious alleviation effect on photosynthesis and water utilization of JM22 seedlings under drought stress.
Water potential and vapour pressure deficit (VPD). The results of the experiment showed that water potential decreased significantly under drought condition compared with N for HG35 and JM22 (Fig. 1 ). Both P + 1 μM and P + 10 μM melatonin treatments significantly improved this value under drought treatment. However, there were no significant differences between N and P + 10 μM melatonin treatments. This suggested that 10 μM melatonin could improve water potential upon plant exposure to drought treatment. VPD of HG35 showed a significant increase under P, P + 1 μM and P + 10 μM melatonin treatments compared with that under N. This value of P + 10 μM melatonin was the highest. Likewise, VPD increased significantly in JM22 plants under P, P + 1 μM and P + 10 μM melatonin treatments compared with N, but there were no significant differences between P and two concentrations of melatonin treatments. VPD of P + 10 μM was higher than that of P + 1 μM melatonin.
It may be related to stomatal conductance changing under drought stress.
Gibberellin (GA 3 ) and zeatin riboside (ZR) content of leaf and root. For HG35, no obvious differences in GA 3 content of leaf were seen among four treatments (Fig. 2) . GA 3 content in root under P increased significantly by 61.64% compared with N; both P + 1 μM and P + 10 μM melatonin treatments did not change significantly. For JM 22, compared with N, GA 3 content of leaf under P and P + 10 μM melatonin treatments increased significantly by 35.54% and 25.04%, respectively. However, the leaf GA 3 content under P + 1μM did not change obviously Note. Different letters indicate significant difference among treatments (P < 0.05). Content of gibberellin (GA 3 ) and zeatin riboside (ZR) in wheat leaf and root under normal water treatment (N), 20% PEG (P), 20% PEG with 1 μM (P + 1 μM melatonin) and 10 μM (P + 10 μM melatonin) melatonin treatments compared with N. Conversely, GA 3 contents of root under P and P + 1 μM melatonin treatments were decreased significantly by 57.33% and 21.82% relative to that of N, respectively, whereas this value was similar under P + 10 μM melatonin and N treatments.
Analysis on leaf ZR content revealed that it was higher than root ZR content. For HG35, compared with N treatment, ZR content of leaf under P and P + 10 μM melatonin treatments increased by 63.18% and 46.31%, respectively; this value of root was changed little. Conversely, leaf ZR content in JM22 was significantly decreased under P and P + 10 μM melatonin treatments compared with that under N, with decrease of 21.57% and 15.51%, respectively. ZR content of root did not change significantly compared with N; but this value under P + 10 μM melatonin treatment was significantly higher than P and P + 1 μM melatonin treatments. The results showed that ZR content was different in different organ and should take different effect.
Auxin (IAA) and abscisic acid (ABA) content of leaf and root. The data of the experiment showed that IAA content in leaf was higher than that in root (Fig. 3) . For HG35, IAA content of leaf under P and P + 10 μM melatonin treatments were significantly higher than that under N, with increase of 73.25% and 61.82%, respectively. IAA content of root under P and P + 10 μM melatonin treatments increased significantly by 41.26% and 33.75%. For JM22, no differences on leaf IAA content were seen among four treatments. Compared with N, P significantly decreased root IAA content by 36.86%; both P + 1 μM and P + 10 μM melatonin treatments did not change it evidently.
Obviously, ABA content in leaf was higher than that in root. For HG35, ABA content of leaf under P + 10 μM melatonin treatment decreased significantly by 18.01% compared with that under N. In contrast, ABA contents of root under P + 1 μM and P + 10 μM melatonin treatments increased significantly by 34.80% and 47.47%, respectively. For JM22, compared with N, ABA content of leaf under P, P + 1 μM melatonin and P + 10 μM melatonin treatments increased significantly by 1.21 times, 25.61% and 77.56%, respectively. Root ABA content under P + 10 μM melatonin was significantly lower than that under P + 1 μM melatonin. No obvious differences were seen among other treatments.
Hormonal balance ratio. Hormone proportion could reflect action centre on different wheat organ under different treatments. For HG35, (GA 3 + ZR) / ABA of leaf under P + 10 μM melatonin treatment was significantly increased by 60.60% compared with N (Fig. 4) . Conversely, (GA 3 + ZR) / ABA of root was decreased under P and P + 10 μM melatonin treatments relative to that under N, with reduction of 37.66% and 33.30%, respectively (Fig. 4) . This suggested that shoot growth had been inhibited in some extent. For JM22, compared with N, (GA 3 + ZR) / ABA of leaf under P, P + 1 μM and P + 10 μM melatonin treatments were all decreased by 53.91, 16.53 and 43.25 %, which suggested more ABA accumulation inducing stomatal closure.
Note. Different letters indicate significant difference among treatments (P < 0.05). Compared with N, IAA / ABA of leaf for HG35 under P and P + 10 μM melatonin treatments increased significantly by 51.70% and 96.96%, respectively. This value of root under P + 1 μM and P + 10 μM melatonin treatments was significantly lower than that under P. For JM22, which was contrary to HG35, IAA / ABA of leaf under P and P + 10 μM melatonin treatments decreased significantly relative to N by 50.14% and 47.84%, respectively. IAA / ABA of root was decreased significantly under P and P + 1 μM melatonin treatments compared with that under N, with reduction of 50.10% and 66.70%, respectively. This suggested central hormone was different due to different drought tolerance of two wheat cultivars and different concentrations of melatonin.
Aminocyclopropane-1-carboxylic acid (ACC) and hydrogen peroxide (H 2 O 2 ) contents. The data of the experiment showed that there were no significant differences in leaf ACC content of HG35 among four treatments (Fig. 5) . Root ACC content of HG35 under P was higher significantly than that of N. However, this value under P + 1 μM and P + 10 μM melatonin treatments was both decreased significantly compared with N. For JM22, leaf ACC content under P was significantly increased compared with N. No obvious changing was observed under both P + 1 μM and P + 10 μM melatonin treatments. The changing of root ACC contents in JM22 under four treatments was similar to that in HG35, namely, P increased this value significantly, but P + 1 μM and P + 10 μM melatonin treatments both decreased it significantly. Drought stress significantly increased the H 2 O 2 contents in roots of HG35 plants and in both leaves and roots of JM22 plants. Root H 2 O 2 content of two cultivars Note. Different letters indicate significant difference among treatments (P < 0.05). Figure 5 . Contents of aminocyclopropane-1-carboxylic acid (ACC) and hydrogen peroxide (H 2 O 2 ) in wheat leaves and roots under normal water treatment (N), 20% PEG (P), 20% PEG with 1 μM (P + 1 μM melatonin) and 10 μM (P + 10 μM melatonin) melatonin treatments decreased significantly under both P + 1μM and P + 10 μM melatonin treatments compared with that under N. And there were no significant differences in leaf H 2 O 2 content of HG35 among four treatments.
Correlation analysis for phytohormones. The data of the experiment showed that ABA content was very significantly positively correlated with the ACC These results indicated that ACC was possible central player in the hormone cross-talks that regulated leaf and root growth and physiological function.
Discussion
Plants can alleviate the injury of drought stress by maximizing water uptake and/or minimizing water loss. Our study found that the leaf stomatal closure was induced by drought, given that the Tr and gs were drastically decreased under 20% PEG (P) treatment. Meanwhile, Pn Figure 6 . The correlation analysis of variance between aminocyclopropane-1-carboxylic (ACC) content and phytohormones-abscisic (ABA) acids, auxin (IAA), zeatin riboside (ZR), gibberellin (GA 3 ) contents content (n = 16, r = 0.715**). Also, IAA content was very significantly positively correlated with ACC content (n = 16, r = 0.632**). GA 3 content was significantly positively correlated with ACC content (n = 16, r = 0.503*). However, there was no significant correlation between ACC and ZR content (Fig. 6 ).
was also significantly decreased due to CO 2 deficiency caused by lowered Tr and gs. However, WUE inst. and WUE intr. , reflecting the leaf water status of plants, both showed an increasing trend under PEG condition. This result is consistent with that reported by Guo et al. (2010) . Previous studies indicated that melatonin can improve chlorophyll content and photosynthetic character (Ye et al., 2016) . In this research, we also found that melatonin could improve Pn, WUE inst. and WUE intr. of the JM22 plants, suggesting its function in regulating the photosynthesis of wheat under drought. In addition, we also observed that the leaf water potential was decreased under drought significantly in two wheat cultivars, which could be recovered by both 1 μM and 10 μM melatonin. This finding may be attributed to stomatal closure and increasing VPD that reflect the evapotranspiration capacity of plant. However, exogenous application of melatonin did not exert positive roles on Pn and chlorophyll content in HG35 plants, which was possibly due to melatonin-mediated VPD elevation to lead to stomatal closure and photosynthesis decreasing (Xi et al., 2012) . A large body of evidence have demonstrated that drought-induced growth limitation of crop was from hydraulic control in response to both soil water deficit and high VPD (Voisin et al., 2006; Tardieu et al., 2010) . In this study, our results also indicated that drought increased VPD in two cultivars, in which HG35 showed much higher VPD under exogenous melatonin condition. The leaf and root H 2 O 2 content are stimulated under drought and other abiotic stresses, which can damage cytomembrane and DNA and reduce plant growth and productivity. In our research, the leaf H 2 O 2 contents of HG35 under both P + 1 μM and P + 10 μM melatonin treatments did not decrease obviously; however, the root H 2 O 2 contents of HG35 decreased significantly under the two melatonin treatments. Previous researches have also reported that melatonin could eliminate H 2 O 2 content directly, protecting chlorophyll damage from the induced oxidative stress injury (Wang et al., 2012 a; Turk et al., 2014) . For JM22, leaf and root H 2 O 2 contents both decreased with 1 μM and 10 μM melatonin under drought treatment, which was consistent with the former conclusion. These findings together indicate that melatonin can improve plant growth and photosynthesis under drought conditions through effective alleviation of oxidative stress damage initiated by water stress.
Early studies reported that ABA can induce stomatal closure in various species regulated by H 2 O 2 (Desikan, Neill, 2004; Bright et al., 2006; Miao et al., 2006; Seki, Urano, 2007) . Exogenous melatonin application resulted in higher ABA concentration in drought-primed plants, suggesting that the interplay between melatonin and ABA improves water status under drought (Li et al., 2016) . In this study, leaf ABA content in JM22 under P increased significantly, and decreased under P condition supplemented with 1 μM melatonin and 10 μM melatonin; root ABA content in JM22 under P + 10 μM melatonin was significantly decreased. In accordance with these findings, recent research has documented that melatonin can increase drought tolerance by enhancing ABA degradation and suppressing its synthesis. Consequently, less H 2 O 2 is accumulated in the guard cells . Similar results have been reported that application of ABA to guard cells was shown to induce a burst of H 2 O 2 that resulted in stomatal closure (Desikan, Neill, 2004) . In this study, HG35 showed significantly decreased leaf ABA content under P + 10 μM melatonin treatment, but unreduced leaf H 2 O 2 content; decreased root H 2 O 2 content significantly, but significantly increased root ABA contents under P + 1 μM and P + 10 μM melatonin treatments. This can be interpreted as drought tolerant cultivar HG35, cope with drought stress under melatonin treatments possibly through an ABA-dependent pathway. The detailed mechanism underlying this pathway regulated by melatonin needs to be further studied.
As known, melatonin and IAA have the same biosynthesis precursor, i.e. tryptophan, and melatonin could stimulate IAA biosynthesis by which to stimulate root growth (Chen et al., 2009) . In this study, the leaf and root IAA content in HG35 plants were increased significantly under drought condition. Application of 1 μM melatonin did not change it obviously comparing with N treatment, but P + 10 μM melatonin treatment was significantly higher than N treatment, which has no obvious differences with P treatment. This suggested that HG35 could regulate IAA content not by melatonin under drought condition. For JM22, root IAA content were decreased significantly under drought condition, but the reduced IAA contents could be recovered by application of 1μM and 10μM melatonin. This suggested that melatonin improved root drought-resistant. There were no differences on leaf IAA content were seen among four treatments. This was partly consistent with the result of exogenous application of 0.1 mM melatonin also raised the endogenous levels of free IAA in roots, while higher concentrations had no significant effect (Chen et al., 2009) . Therefore, the melatonin effects on regulating IAA accumulation needs to be further characterized.
Cytokinin ZR and the ethylene precursor ACC are both root-derived hormones. Soil drying can reduce the transport of cytokinins from root to shoot (Davies et al., 2005) . Also, drought can increase the generation of ethylene in shoots by promoting root ACC synthesis and xylem transporting ACC to shoots (Sobeih et al., 2004) . In this study, we found that ZR content in HG35 leaf was significantly higher under P and P + 10 μM melatonin treatments than those under N treatment. ACC content in leaf did not increase obviously under above treatments. This was attributed to higher drought-tolerance. Conversely, the leaf ZR content in JM22 were significantly lower under P and P + 10 μM melatonin treatments than those under N treatment; meanwhile, the ACC content was increased under P and P + 1 μM melatonin treatments. ZR content in root was significantly increased, and ACC content decreased significantly under 10 μM melatonin treatment. These results showed that drought-inhibited ZR biosynthesis in wheat cultivars, especially in the drought sensitive ones, can be alleviated by exogenous melatonin. Correlation analysis showed that ACC possibly acted as the central player in regulating the hormone cross-talks under drought with melatonin application conditions. All above have also indicated the effect of exogenous melatonin was tissue-selective in some extent. Cross-talk among different hormones from root to shoot would be influenced by external environment. In this study, melatonin had taken obvious inhibiting effect on root H 2 O 2 content in HG35. The same concentration melatonin would promote growth in coleoptiles, but inhibit growth in roots (Hernández-Ruiz, Arnao, 2008 a; . Drought also influenced dynamic equilibrium in endogenous hormone. In our study, IAA would take central effect for HG35, but ABA would take central effect for JM22 during drought regulation process due to different drought tolerances. Melatonin concentrations applied exert contrasting roles such as stimulatory effect or inhibitory one in different organs and wheat cultivars (Chen et al., 2009; Posmyk et al., 2009) . In the present experiment, our results on different melatonin concentrations were also shown to be consistent with previous reports. The two wheat cultivars with contrasting drought tolerance under 10 µM melatonin-exhibited improved growth under drought stress, suggesting that this melatonin concentration can be a useful index in improving plant growth under drought in wheat.
Conclusion
Our results indicated that exogenous melatonin can effectively improve the tolerance of wheat cultivar 'Jimai22' (JM22) to drought stress through its function in increasing net photosynthetic rate, water use efficiency on leaf by stomatal closure and water potential. 'Hengguan35' (HG35), as a drought-tolerant cultivar, exhibited relatively decreased net photosynthetic rate and transpiration rate under drought with 1 μM and 10 μM melatonin treatments compared with those under sole drought treatment. But this cultivar also showed some physiological regulation on increasing zeatin riboside (ZR), auxin (IAA) and inhibiting hydrogen peroxide (H 2 O 2 ) for the drought-primed plants. Application of suitable concentration of melatonin in wheat can be an effective strategy for improving plant drought stress tolerance and productivity. There is still lack of information to explain clearly the role of melatonin in physiology regulation for drought-tolerant wheat cultivar. More attention should be paid on increasing/decreasing melatonin concentration and respiratory pathway in root considering obvious inhibiting effect on hydrogen peroxide production.
